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The pillaring of MgAl layered double hydroxide
by ion exchange reaction of the LDHhydroxid

s (LDHSs) by the title polyoxometalates (POMs) was accomplished
e and—adipate precursors with the POM anion at ambient or

refluxing temperatures. The structural, thermal and textural properties of the-EHOHW intercalates were
elucidated based on XRD, FTIR, TEM, EDS, angdddsorption-desorption studies. A gallery height of1.0 A

was observed for the LDH intercalated by the symmetrical Keggin POM, whereas two different gallery heights
nd 12.8 A) and Finke (13.3 and 12.6 A) anions, depending on the
preparation temperature. The differences in POM orientations were rationalized in terms of different electrostatic
and hydrogen-bonding interactions between the POM pillars and the LDH layers. Upon thermal treatment at
>100 °C, the intercalated Dawson and Finke POM ions exhibited only one gallery orientation, regardless of

were found for the cylindrical Dawson (14.5 a

synthesis conditions. The crystalline microporous structures were retained upon heating eacfQBIH

intercalate in Nto 200°C. Pillaring in all case
Al3* salt impurity that formed on the external

Introduction

There has been considerable interest in the design and
applications of microporous pillared solids with “supergallery”
structure$ 2 wherein the interlayer thickness or gallery height
is substantially larger than that of the host layershis
structural characteristic results in a two-dimensional, mi-
croporous intercalate in which most of the unit cell volume is
contained in the chemically accessible gallery region rather than
in the dense host layers. Among the various classes of ionic
lamellar solids, layered double hydroxides (LDHs) are uniquely
suited for pillaring by polyoxometalate (POM) anions, because
they are the only known family of layered materials with
permanent positive charge on the layers. Owing to the diversity
of approaches to the design of these nanoscale mattriala,
broad spectrum of physicochemical properties are possible. Most
importantly, pillared microporous derivatives are accessible, by
mediating the charge density of the host layers (lateral pore size
control) and the size and charge of the pillaring POMs
(longitudinal and lateral pore size control).

Approaches to the preparation of pillared LBROM
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Figure 1. Schematic representation of the formation of LDH deriva-
tives pillared by Keggin PORt ions with nearly spherical symmetry
and by Dawson and Finke POMions with cylindrical symmetry.

intercalates have been limited to date to the size-BH\W150405
Keggin structure$; 1! which have a diameter~10 A) ap-
proximately two times as large as the LDH layer thicknes4.8

A). LDH derivatives pillared with larger POMs than Keggin
ions are potentially more interesting for achieving increased
access to the gallery space.

In the present work, we have undertaken a systematic
approach to the synthesis of crystalline LDH intercalates
interlayered by Dawsona¢P,W1506257) and Finke (Cg-
(H20)(PWyO34)2197) structures with molecular diameters much
larger than 4.8 A, as well as the Keggin iom-HoW120467)
structure. As illustrated in Figure 1, each class of the POM
can impart a different gallery pore structures upon pillaring
reaction, resulting in new members of the class of LEFOM
derivatives. a-HW1,048~ with the Tq symmetry of the
o-Keggin ion structure has a nearly spherical shape, which will
limit the possible gallery heights upon intercalation in LDH
galleries. On the other hand, the other two POMs with lower
molecular symmetries can provide gallery micropores of dif-
ferent sizes, depending on their interlayer orientations. For
example, the parallel and perpendicular gallery orientations of
a-P,W1g068~, with the Dan symmetry of the Dawson structure,
and of Cq(H20)2(PWg034)21%, with the Cy, symmetry of the

© 1996 American Chemical Society
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Finke structure, can result in 2.1 and 5.0 A differences,
respectively, in the pore size along the c direction of a layered
LDH—POM intercalate. Differences in pillaring method, reac-
tion temperature and time, and the use of a preswelling agent
were considered in the present work as factors governing the
intercalation of POM. The structural, thermal and textural
properties of the pillared products were examined based on
XRD, FTIR, TEM, EDS, and Madsorptior-desorption studies.
The interlayer orientation of the gallery POMs was determined
and rationalized in terms of electrostatic and hydrogen-bonding
interactions between the gallery POMs and the LDH layers.
Also, the nature of an impurity co-product formed in the
intercalation reactions, which has been a subject of differing
interpretation$1012 was clearly demonstrated in the present
work.

Experimental Section

Materials. Reagent grade chemicals were used as received: Na
WO,-2H,0O was a gift from GTE Sylvania Co. Adipic acid was
purchased from Fisher. M/O,, NaHPO,-H,O, and other reagents
were purchased from Aldrich. Deionized water was used for the
preparation of all aqueous solutions. The pH of reaction mixtures was
monitored by a Fisher Model 750 selective ion analyzer. The
ammonium salt ofi-HW1,046% and the potassium salts @fP,W1g06~
and Ca(H20),(PWy0s4),1® were prepared by literature methddst®

MgsAl—LDH —Carbonate. An MgsAl—LDH —carbonate was pre-
pared by a coprecipitation method at constantpt 250-mL quantity
of 1.0 M mixed-metal nitrate solution of Mg and AF™ (Mg?t/AlI3*
= 3.0) was added with vigorous stirring into 500 mL of water
preadjusted with NaOH to pH 10.0 at 4C. The reaction pH was
kept at 10.0£0.1) by the coaddition of a mixed solutiofidM Nay-
COz;and 2 M NaOH (C@ /Al = 1.5). Upon the completed addition
of the mixed-base solution the reaction pH was controlled by the
addition d a 2 M NaOH solution. The resultant white suspension was
further stirred fo 3 h at 40°C, and then the temperature was increased
to 70°C for 40 h. The white product was then filtered, washed with
deionized water and dried in air at room temperature. ICP elemental
analysis and thermogravimetric analysis (TGA) gave the composition
[Mg311A|(OH)322.|(CO3)05'98Hzo

MgsAl—LDH —Hydroxide (Meixnerite). An aqueous suspension
of synthetic meixnerite (1.0 wt %) was prepared by the thermal
decomposition of the corresponding BAg—LDH—carbonate and the
subsequent reconstitution of the resulting mixed metal oxide solid
solution into an LDH-hydroxide!” MgsAl—LDH—carbonate (1.0 g)
was calcined in a quartz tube furnace toh at 500°C under a N
flow to form a solid oxide. The oxide then was transferred to a sealed
flask containing 100 mL of degassed®ito form the LDH-hydroxide
after a reaction time of 5 days. ICP Mg and Al analyses were indicative
of the composition [MgosAl(OH)s.1d(OH)1.0:xH-0.

Magnesium Hydroxide. Into 100 mL of vigorously stirred water
preadjusted at pH 10.0 wit2 M NaOH was added slowly a 1.0 M
Mg?* nitrate solution (100 mL) at 40C. The reaction pH was kept at
10.0 @&0.1) by the addition b2 M NaOH throughout the delivery of
the nitrate solution and the subsequérh reaction period at 40C.

The white precipitate was allowed to age for 40 h at°@0 After
cooling to room temperature, the product was filtered, washed with
water, and dried in air at room temperature.

Pillaring of Mg sAl—-LDHs by POMs. Pillaring reactions were
carried out under hlto avoid contact with atmospheric G@uring the
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Figure 2. Summary of the synthetic methods used to prepare LDH
intercalates pillared by POM ions: (l) direct coprecipitation; (ll)
simple anion exchange; (Ill) calcined metal oxide; (IV and VI) organic
precursor methods; (V) synthetic meixnerite method. Method IV uses
synthetic meixnerite to prepared LDBtbrganic precursor, but the
organic precursor in method VI is prepared by a co-precipitation during
the synthesis of the LDH.

reaction.. Deionized and decarbonated water was used to prepare all
aqueous solutions. POM solutions (0-01.02 M) in 3-fold excess of

the LDH anion exchange capacity (AEC) were used for the pillaring
reactions.

Figure 2 summarizes six different synthesis methods that have been
reported in the literatufel® for the preparation of LDHPOM
intercalates. In the present work, three of these pillaring methods,
namely I, IV, and V, were examined to compare the crystallinity of
products pillared by-HoW1,048~ Keggin ions.

Method 1ll. A mixed metal oxide, freshly formed by calcining a
MgsAl —LDH—carbonate at 500C under N for 5 h, was added all at
once to the POM solution at room temperature, as described by Chibwe
and Jones. The reaction mixture was then stirred for 30 h at room
temperature underN Upon being centrifuged and washed, the product
was dried in air at room temperature.

Method IV. An aqueous meixnerite suspension was added to an
adipic acid solution in 2-fold excess of the AEC, in order to form the
corresponding MgAl—LDH—adipate. After being allowed to stir for
1 h at 50°C, the suspension was allowed to settle and then decanted,
leaving a slurry of the LDH-adipate precursor. A 100-mL portion of
degassed boiling water was added to the fresh EHaHipate slurry,
and then the hot suspension was added slowly to the POM solution at
100 °C under N. The reaction mixture was allowed to stir for an
additional 0.5 h at reflux temperature, and the product was washed
with water and dried in air.

Method V. An aqueous suspension of synthetic meixnerite was
added dropwise to a POM solution underddroom temperature, while
the reaction pH was maintained at 4.5 by the co-addition of 0.01 M
HNO;. After being allowed to stir for an additional 0.5 h, the product
was washed with water and dried in air. In an alternative procedure
an aqueous meixnerite suspension was added dropwise to the POM
solution at room temperature undes. NAfter the completed delivery
of the meixnerite, the reaction mixture was stirred for an additional
period (0.5 or 5 h) at the same temperature without adjusting the pH.
The solid product was then washed with water and dried in air. To
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examine the impact of reaction temperature on the product crystallinity, the pillaring aniort:¢6 The key to successfully implementing
another set of reactions was carried at an elevated reaction temperaturgon exchange method Il is to utilize a LDHhloride or—nitrate
wher_e the agueous meixnerite suspension was added to the POMprecursor that has been prepared by coprecipitation, but which
solution at 70°C under N. The reaction mixture was then allowed 0 hac not been isolated from suspension and dried. Drying the
Stl;ﬁraégvsegri—b:r:zgcwﬁshoe)d(;\r/]\?&”)eldw";:g{e llaring anions.  PYECUTSOr even at ambient temperature removes water from the
21 T80 QN2D)F a2 pitanng ' metastable hydrate formed in the coprecipitation reaction, and

two reactions were carried out, one according to method IV using the . . .
LDH—adipate as the precursor at a reaction temperature oP€00  tiS renders the gallery surfaces less accessible for ion exchange.

and the other according to method V using a meixnerite precursor and Consequently, the ion exchange reactions of desired LDH
ambient pH conditions at room temperature. precursor with POM anions are difficult to complete, and
Physical Measurements. X-ray diffraction patterns were obtained ~ prolonged exchange reactions typically are accompanied by
with a Rigaku X-ray diffractometer equipped with DMAXB software  hydrolysis reactions that afford undesirable byproducts. The
and a curved graphite monochromator attachment for Quagiation. importance of fully hydrated LDH precursors for pillaring ion

XRD patterns were recorded at room temperature for oriented film exchange reactions has been emphasized recently by Clearfield
specimens (about 70 mg) supported on glass slides. X-ray diffraction 5,q his co-worker®.

patterns of samples preheated. at 100 and’ZDfdr 1 h under N flow Methods Ill, 1V, and V, which are the pathways of interest
in a quartz furnace were obtained at room temperature.

Fourier transformed infrared (FTIR) spectra of samples dispersed in the present work, 6_‘” utilize ?‘ readily SyntheSIZEd. L.BH
in KB pellets (1-2 wt %) were recorded with an IBM Model IR 40S carbonaté as the starting material. Pathway llI, as originally

spectrometer. described by Chibwe and Jonespnverts the LDH-carbonate
Thermogravimetric analyses (TGA) were carried out undgfaX to a mixed-metal oxide solid solutiddwhich is then allowed

solid samples weighing70 mg on a Cahn 121TG System at a heating to undergo a hydrolytic reconstitution reaction in the presence

rate of 5°C/min. of the POM to form the LDH-POM. In contrast, pathways

Nitrogen adsorption/desorption isotherms at liquid nitrogen temper- |V and V allow the mixed metal oxide to undergo reconstitution
ature were obtained on a Coulter Omnisorb (TM) 360CX sorptometer reaction in the absence of POM to form first a synthetic
using ultrahigh purity nitrogen as the adsorbate and helium as the carrier jeixnerite intermediate, wherein the gallery anion is hydroxide.
gas. Samples of about 100 mg were outgassed overnight at.30 The LDH—hydroxide can then be allowed to react with an
under a vacuum of 16 Torr. Surface areas (SBET) were obtained . . . -
by the BET method® For pillared and nonpillared LDH intercalates, ~ ©'9ani¢ acid a_ccordlng to pathvv_ay IV to form an organo anion

y p p )
the BET equation was applied over the partial pressure ranges of 0_05precgr50|3, Wh'ch subsequently is Converte(g by ion e_xchange
< PIP, < 0.1 and 0.05< P/P, < 0.2, respectively, where correlation ~ r€action to the plII_ared LDHponoxometantéa Alternatively,
coefficients were near one, in accord with previous surface area/porethe LDH—hydroxide can be converted directly to the LBH
analyses of pillared clay4. Thet-plot method was used to determine  POM intercalate by direct ion exchange reactiériThis latter
the total §) and microporous$y) surface areas. pathway is somewhat surprising, because POMs are readily

Transmission electron microscopy (TEM) was carried out with a hydrolyzed in basic solutio?® However, the hydroxide ion is
JEOL 100 CX instrument at the Center for Electron OptiCS at MSU. read”y disp|aced from the ga”ery surfaces by P@l\/and the
Specimens for TEM imaging were prepared by dipping copper grids jmmpobjlized POM- is stabilized toward basic hydrolysis.
coated with holey carbon films into an aqueous ;uspension of the solid The preparation of LDHPOM intercalates as represented
and allowing the water to evaporate. Energy dispersive spectroscopyby methods IV and VI in Figure 2 are chemically equivalent

(EDS) was performed using the same instrument in STEM mode (44 . - . -
A beam size) in order to obtain compositional information. insofar as they both utilize an anion exchange reaction between

Elemental analyses were performed by ICP emission spectroscopy@N 0rgano anion precursor and the pillaring POMThis can
at the Toxicology Laboratory at MSU. About 15 mg of solid sample be exceptionally efficient conversion as evidenced by the
was dissolved in 50 mL of 1.5 vol % HNGolution for each analysis.  original work of Drezdzort. However, method VI utilizes a
. ) coprecipitation reaction to prepare the organo anion precursor,
Results and Discussion whereas method IV makes use of the reaction of an organic
As is summarized in Figure 2, at least six different ap- &cid with an LDH hydroxide. The latter acidase reaction is

proaches, designated methods/l, have been reported for the less susce_pnble to competlng_s[de_reactlon_s (e.g., organoanion
pillaring of layered double hydroxides by polyoxometalate salt formation) than thg coprecipitation reaction. Consequently,
anions with Keggin ion structurdsl® Among all of these method IV generally is preferred over method VI. Also, we
approaches, method | represents the direct most efficientShould note that the recently reported reaction of L-bH
pathway as it affords the desired product by direct co- carbonate with glycerol at elevated temperatures {I@D °C)
precipitation reaction of K, M3+, and POM~. However, this most likely involve the formation of LDH glycerolaté$. The
method has been shown to be useful only for acidic LDH 9lycerolates and related polyol derivatives show considerable
derivatives, such as those with layer compositions of the type Promise as precursor to POMpillared products?
[Zn1_,Al(OH)*"]. Efforts to prepare pillared forms of typically We now consu_jer the rel_atlve merits (_)f pathways I, IV, and
basic LDH derivatives, e.g., layer compositions of the type V. for the synthesis of LDH intercalates pillared @H W10
[Mg1-xAl,(OH)**], afford instead poorly ordered salts of the Keggin ions. As shown by the XRD patterns in Figure 3, all
POM (see below) or base-hydrolyzed derivatives of the POM. three methods afford reaction products containing a 001
Method Il involves an ion exchange reaction between a simple réflection corresponding to a pillared My —LDH phase with
LDH —chloride or—nitrate and the pillaring POM. This was @ basal spacing 6#14.7 A. In addition, each method produces
the method used to prepare the first examples of pillared LDH & Pyproduct characterized by a broad reflection néa=2-8°
derivatives based on MO8~ and XMi20sd" Keggin ions as (11 A). The same byproduct also is observed for derivatives

prepared by reaction pathways I, Il, and VI. All efforts to
(18) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. Sod938 60,
309. (21) Cavani, F.; Trififg F.; Vaccari, A.Catal. Today1991, 11, 173.
(19) Butruille, J.-R.; Pinnavaia, T. J. I€haracterization of Catalytic (22) Dimotakis, E. D.; Pinnavaia, T. J. Unpublished results.
Materials Butterworth-Heinemann: Boston, MA, 1992; p 149. (23) Pope, M. THeteropoly and Isopoly Oxometalate®pringer-Verlag:
(20) De Boer, J. H.; Lippens, B. C.; Linsen, B. G.; Broekhoff, J. C. P; New York, 1983.
Van den Heuvel, A.; Osinga, Th. J. Colloid Interface Sci1966 (24) Hansen, H. C. B.; Taylor, R. MClay Miner.1991, 26, 311.

21, 405. (25) Yun, S. K.; Pinnavaia, T. Microporous Mater.1995 4, 21.
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Figure 3. XRD patterns of MgAl—LDH —[a-H,W1,04557] reaction
products prepared from the following: (A) a mixed metal oxide
precursor by method Il at 25C; a LDH—hydroxide (meixnerite) by
method V at (B) pH 4.5, 28C, (C) ambient pH, 25C, 0.5 h, (D)
ambient pH, 25°C, 5 h, (E) at ambient pH, 70C, 5 h; and (F) a
LDH—adipate by method IV at ambient pH, 7Q, 5 h.

circumvent byproduct formation or to remove the byproduct

by selective dissolution have been unsuccessful. The nature of

the undesired byproduct will be discussed more fully below.

Returning to the XRD patterns in Figure 3, we see from part
A that the reconstitution reaction of a mixed metal oxide in the
presence of the Keggin ion according to method IIl affords a
very poor yield of pillared product, the major product being

the undesired 11 A phase. The yield of pillared product obtained

by ion exchange reaction of the LDH hydroxide with the Keggin
ion (method V) is improved by conducting the reaction at

ambient pH and at an elevated reaction temperature (cf., Figure

3, parts B-E). The best yield of the pillared phase, however,
is provided by method V, which utilizes an LDt+adipate
precursor for ion exchange reaction with the Keggin ion (cf.,
Figure 3, part F). The product obtained from this latter method
exhibited 7 orders of (00I) reflection, corresponding to a basal
spacing of 14.5 A. As shown by the XRD patterns in Figure
4A, the byproduct formation can be further reduced by increas-
ing the reaction temperature to 10C. Taking the layer
thickness of the MgAl—LDH as 4.8 A, one obtains a gallery
height of 9.7 A, which is consistent with the van der Waals
diameter (10.2 A) estimated from crystallographic data for a
Keggin ion sal£® The interlayeit-HyW1,0405~ ion most likely
has theC, axis of the oxygen framework orthogonal to the LDH
layers to optimize H bonding to the gallery hydroxyl groups,
as proposed previousfy.Also, we note that the pillared Mg
Al—[a-HaW1,0487] intercalate was stable to 20C under N,

as judged by the XRD patterns shown in Figure 4A.

On the basis of the above results for the pillaring of asMg
Al—LDH by o-HyW1:040°~ Keggin ion, we investigated the
effectiveness of methods IV and V for LDH pillaring by Dawson
and Finke POM ions. The reaction conditions utilized for
the two methods are summarized in the following scheme:

Method V
. 1.A(500°C) POM™, 25°C
0 22T L it

2. H,0,25°C

LDH-[POM™]

i

The reaction temperature (25 vs 1) and the use of a gallery

LDH-C DH-OH’

Method IV
adipic acid
50°C
LDH-[Adipate]

POM™
100°C
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Figure 4. XRD patterns of the oriented films of (A) the LDHo-
HoW1204657], (B) —[a-PaW150627], and (C)—[Coa(H20)a(PW6034)21%]
intercalates prepared by method IV using asig-adipate precursor.
Diffraction patterns were taken at room temperature after drying under
N flow for 1 h at thetemperature indicated.

50

important factors in determining the gallery orientations of the
cylindrical Dawson and Finke POM ions.

The crystalline product obtained by the reaction of thesMg
Al—adipate with the Dawsom-P,W150s,5~ ion at 100°C
(method IV) exhibited 8 orders of (00I) reflection (Figure 4B).
The basal spacing of 17.6 A was in good accord with the sum
of the estimated van der Waals diameter of the POM along the
short (G) axis (12.3 A}” and the LDH layer thickness (4.8 A).
The gallerya-P,W15065~ anions, therefore, have ti@ axis
orthogonal to the LDH layers in order to optimize the H-bonding
interactions between the LDH layer hydroxyls and the apical
oxygen atoms on the POM oxygen framework. The LBH
[o-P2W1g062%7] intercalate also was thermally stable up to 200
°C under N. Small decreases in basal spacing due to dehydra-
tion are observed for the pillared product dried over the
temperature range 2500 °C.

In contrast to the product obtained from the LDH adipate

expanding agent (adipate) were considered as potentially Precursor, the intercalate formed by the reaction of the Dawson

(26) Spirlet, M.-R.; Busing, W. RActa Crystallogr.1978 B34, 907.

(27) D’Amour, V.-H. Acta Crystallogr.1976 B32 729.
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Table 1. Gallery Height (A) of Pillared LDH-POM Intercalates Prepared from a LB#H- Precursor at 23C and a LDH-Adipate
Precursor at 100C

a-HaW1504> a-PW 10655~ C0y(H20)o(PWgOs34)21%
(10.2 Ax 10.2 Ay (12.3Ax 14.4 Ay (13.2Ax 11.8 Ay
drying LDH—OH~ LDH—adipate LDH—OH~ LDH—adipate LDH—OH~ LDH—adipate
temp® °C 25°C 100°C 25°C 100°C 25°C 100°C
25 101 9.70 145 12.8 13.3 12.6
100 9.70 9.70 12.6 11.8 10.5 10.5
200 9.70 9.70 12.0 111 101 10.1

aValues in parentheses are the calculated van der Waals dimensions (&) of each POM @hiwhDH—POM intercalates were dried for 1 h
under N at the temperatures indicated.

ion with the meixnerite-like MgAl—LDH hydroxide at room
temperature (method V) gave a product with a basal spacing of
19.3 A, implying that the longQs) axis of thea-PW1g0s5~
ion is orthogonal to the LDH layer stacking direction. The
observed gallery height of 14.5 A is consonant with the
estimated van der Waals diameter of 14.4 A for the POM along
the C; axis2” assuming that there is no water molecule between
the POM and the LDH layers. At a temperature of 2@0the
basal spacing decreased from 19.3to 17.4 A. This observation
suggests that the gallery-P,W1g062°~ ion reorients from an
end-on position at room temperature to a horizontal position
upon the thermal dehydration of the gallery water. With the
C3 axis of thea-P,W1506,°~ oxygen framework orthogonal to
the LDH layers, six apical oxygen atoms may participate in
H-bonding with the LDH hydroxyl groups, whereas 14 terminal
oxygen atoms become available for H-bonding with@aexis
orthogonal. It was not possible to return to the POM to an
end-on orientation by rehydration with water. Thus, the room
temperature product with a 19.3 A spacing is metastable.
The air-dried LDH derivative pillared by Finke-type
Caoy(H20)2(PWgOs4)21% ions at 100°C using the MgAl—
LDH—adipate as a precursor (method IV) exhibited a basal
spacing of 17.4 A. This intercalate was thermally stable up to
200 °C under N (Figure 4C). The air-dried product formed
from the LDH-hydroxide by reaction with the same POM at

Figure 5. Proposed POM gallery orientations for the LDH interca-

25 °C (method V) showed a basal spacing of 18.1 A. On the
basis of the estimated size of this Finke type P&Mbyoth
intercalated products have ti® axis of the POM orthogonal

lates after drying £100 °C) under N: (A) o-H W04, (B)
o-PaW1g062%, and (C) Ca(H20)(PWoO34)21%". The open circles of
the LDH phase represent the hydroxyl groups and the filled circles are

to the LDH layers. Once heated, the gallery POM comes in the metal ions in octahedral sites.

closer contact with the LDH layers to optimize favorable

H-bonding interactions, which is the case for the POM orienta- gallery orientation of the three POM pillars in the products
tion in the pillared product prepared by method IV. obtained after dryingx£100 °C).

Table 1 summarizes the gallery heights for the LBIFOM On the basis of the observed gallery heights of the EDH
intercalates at different drying temperatures. Each intercalate POM intercalates dried at 16@00 °C, we propose that the
showed different gallery contractions upon thermal treatment. POMs are strongly bound to the LDH layers by electrostatic
Air-dried LDH—POM intercalates exhibited gallery heights in and hydrogen bonding forces, because the observed gallery
very good agreement with the expected values based on theheights are somewhat smaller than the minimum van der Waals
proposed gallery POM orientations. Upon heating, all the dimension of the POM. Hydrogen bonding interactions,
intercalates showed a decreased gallery height. Removal oftherefore, seem to be an important factor for determining the
interlayer water occurs upon heating, resulting in stronger gallery orientation of the POM. Charge matching between the
electrostatic and H-bonding interactions between POMs and POM and the LDH layers controls the lateral separation of POM
LDH layer hydroxyl groups. This will cause the POM to adopt pillars in the gallery space.

a thermodynamically stable gallery orientation. Pillar reorienta-  The retention of the Dawsom-P,W1g065~ structure in the
tion at =100 °C, therefore, appears to be responsible for the intercalated state was verified by the FTIR spectra shown in
observed gallery contractions of 2.5 A and 3.2 Aforthe LBH  Figure 6. The stretching frequencies for the® linkages at
[0-PW1g062°7] and —[Co4(H20)2(PWgO34),1%7] products, re- 1092 and 1020 cm and for the W-O bonds at 957, 912, and
spectively, prepared by method V. At 200 thea-HaW12040°~ 756 cntt are very similar for the authentic potassium salt of
intercalated LDH showed only a 0-D.4 A decrease in the the POM*# and the LDH intercalate prepared by method IV.
gallery height, whereas the LDH a-P,W;150667] and —[Cos- However, the product prepared by method V show@if—O)
(H20)2(PWg034)21%7] products prepared by method IV showed modes slightly shifted by 38 cnt! to lower frequency,
1.7 and 2.5 A decreases, respectively. The pillared productsprobably due to a different POM orientation and a local change
obtained by methods IV and V showed essentially the same in the chemical environment around the oxygen framework. The
gallery height at 200C, indicating the same gallery orientation two Finke-ion pillared products prepared by methods IV and V
of the POM pillars at this stage. Figure 5 illustrates the observed showed basically the same vibrational modes of the oxygen
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Table 2. Chemical Compositions and Surface Areas ofiM§lx—LDH Intercalate®

composition ST, S, Sh,
A" precursor (Mg:Al:W) m?/g m?/g m?lg % S
CO* direct precipitation 3.11:1.00:0 104 112 0 0
OH~ LDH—-COs?~ 3.08:1.00:0
0-H W1 20405 LDH—adipate (100C) 2.23:1.00:1.96 120 136 70 51
0-PW1g065~ LDH—adipate (100C) 1.88:1.00:3.06 99 100 29 29
Cay(H20)2(PWoO34)21% LDH—adipate (100C) 2.46:1.00:1.94 112 108 42 39

a St is the BrunauerEmett-Teller surface areaS and S, are the total and microporous surface areas, respectively, obtained byltte
method.

and after the pillaring reactions. However, important compo-
A sitional changes accompany the pillaring reactions.

reactions with vanadat@nd Keggin ions! some of the layer
Mg?*+ ions were depleted upon pillaring. In our studies a basic
suspension of the meixnerite (pHL1.3) was introduced either
R AR SR SRR AR AR directly to the POM solution (method V) or to the adipic acid
400500600 700 800 500 1000 1100 1200 (method IV). The reaction pH measured at room temperature
after reaction with the POMs was in the range of-7800 in
E:ge;:fre% atFIBFéf?fﬁri CI:Afg;LA'\DI|+L[gﬁzﬁgﬁng(;]pﬂ?&?é?fﬁa ((jﬁ)ed absence of adipate and about 6.5 in the presence of adipic acid.
B 5 et 5 Toma U LoH- Or et oo T eacton o upon pllarng ¢ et of
and dried at 25°C. Spectrum C is for the authentic salt[K- . . o -
PW1gO65]. observed in a study of the physicochemical properties of Mg
Aly—LDHs "

The products obtained from the LDtadipate precursor
A (method IV) showed more Mg depletion than the product
obtained using meixnerite (method V). For example, the starting
MgsAl—LDH—carbonate gave a Mg to A" ratio of 3.11,
B but the LDH-[a-HaW;504¢57] product derived from LDH-
adipate showed a Mg to AI3 ratio of 2.23, and the product
c derived from meixnerite gave 2.84. Also, the Dawson and Finke
POM~-pillared derivatives prepared from meixnerite at°25
exhibited Mg*/AI3" ratios of 2.82 and 3.07, respectively. But,
the Mg?™/Al3* ratios for the LDH intercalates prepared at 100
40(;' ”S(I](’)“ ‘sl)éwvfx; T 81)0 ‘9(\)0‘ ‘lgo‘o‘ 1'1!00‘ ‘ ;700 °C from the_ LDH-adipate were 1.88 and 2'463 _respectively.

’ ; On the basis of changes in chemical composition, therefore,

the high temperature pillaring reactions are not topotactic.
Figure 7. FTIR spectra of LDH-[C04(H20)x(PWeOs4),'*] interca- As shown by the surface area data in Table 2 for the POM
fézsdri(g gtrez%aé;ec(j;;t;r%%a:?éna?yglmrhgm g?gl"ial‘_tgﬁrfguﬁor piIIared_pl_r(_)ducts prepared by method 1V, the textural properties
precursor and dried at 28C. Spectrum C is for the authentic salt of th_e initial Mg3A|C_O3_LDH were greatly ch_anged upon
K 1o[C0a(H20)2(PWeO34)21"]. pillaring reactions with POMs. All LDH-POM intercalates
exhibited type | N adsorption isotherms at low&Py values,

framework of the gallery-P;W1¢06,5~, as shown in Figure 7. and H1 type hysteresis loops at highePo, indicating the
The stretching vibrations characteristic of© (1038 cn?), presence of both intragallery micropores and interparticle
terminal W—0 (961 and 941 crm), corner-sharing W-0—W mesopores, respectively. About-380% of the surface areas
(884 cntY, and edge-sharing WO—W (772 and 739 cm) of LDH—POM intercalates arises from gallery micropores,
linkages in K Coa(H20)2(PWe034)21% 11428 were observed at ~ Whereas no microporous surface area was observed for the
very similar positions for the LDH intercalates prepared by both Starting MgAl—LDH—carbonate. Increasing the size of the
synthesis methods. POM pillar from o-HaW1504¢°~ t0 o-P2W1g0g25~ resulted in
decreased microporous surface area from 69.5 to 28¢h ithe
larger size of the Dawson ion is expected to a afford smaller
gallery space than the Keggin POM. As expected from the size,
charge, and gallery orientation of the Finke ion, the LBH
[Cos(H20)2(PWg034)21%7] intercalate exhibited a larger mi-
— - croporous surface area (42.(//g) compared to the Dawson
(28) E&‘;Chp'gcr'tok‘l%‘%'écggfg Scéfhouve”(’t' R.; Franck, Spectrochim.  po-pillared derivative, but smaller than Keggin ion intercalate.
(29) Behr'ens, PAdv. Mater. 1993 5, 127. Since the equivalent weights of our pillared LDH derivatives
(30) éig]va;g?k?& mSS.t;elr-lda;:gri,lEI;g.l!%r;elnggtry gg l\a/I;]cdrorré?é?éJnsceCSr){zt:rlgm are muqh larger than other porous materials and_ vary markedly
(31) (a) Bottero, J. Y.; Cases, J. M.; I.:ies:siFr)lger, F.; Poirier, J. Phys. depending on the POM, we propose a comparison of surface
Chem. 1980 84, 2933. (b) Brindley, G. W.; Yamanaka, @m. areas based on a unit of layer chargg)(eAs is shown in Table
Mineral. 1979 64, 830. 3, the surface area per equivalent weight of LDH can be

§ Table 2 summarizes the elemental analyses and the textural
2 properties of the original Mg\l —-LDH—carbonate used to

E B prepare the meixnerite precursor and the LEFFOM interca-

E-E lates obtained at 10€C from the adipate precursor (method

¢ c IV). As has been observed previously for LDH pillaring

&

Wavenumber (cm")

Relative Transmission (%)

Wavenumber (cm™')

TEM images of the original LDHcarbonate and the POM
intercalates were consistent with the topochemical nature of the
pillaring reactions. Hexagonal crystals ranging from 600 to
2500 A in diameter were observed for the intercalates before
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Table 3. Surface Areas of POM-Pillared LDH Intercalates

Sger, S, Sh,
LDH—[A™] Azer AZet Azer % Sn
[Mg1:Al11(OH)s 2 —[CO% Joso (fw 272.37) 4.69 5.05 0 0
[Mggzﬁl 1(OH)6v45]—[(X-H2W1204067]0,17 (fW 67524) 13.5 15.2 7.79 51
[Mglgﬁl 1(OH)5_76]—[a-P2W1305267]0_17 (fW 91238) 15.0 15.2 4.32 29
[Mg2.46Al 1(OH)s 6 —[COa(H20)o(PWeOs2)2% To.10 (W 677.55) 126 12.2 4.73 39

a Sser is the BrunauerEmett-Teller surfaceS andS;, are the total and microporous surface areas, respectively, obtained tgltitenethod.
All surface areas are reported in units of ger LDH unit charge.

expressed in et units. This unit provides a more structurally
relevant indication of the textural properties of the LBAOM M
intercalates than the conventiona¥/giunit. BET/N2 surface

areas were increased from 4.69/& for MgzAICO3 to 15.0 \,\/W
AZet for the POM pillared derivative. Microporous surface

Relative Intensity

areas of 4.327.79 A/e* were accessible by Nmolecule for s o)

the pillared LDH-POM derivatives. O
An interesting feature observed in the XRD of all LBH

POM intercalates was the broad X-ray reflections centered at o > B)

~11 A (Figures 3 and 4) attributed to an impurity byproduct, “ o O

as was mentioned earlier. For the intercalates with the same L LA L PO L L LB B R

POM, the @ position of this phase was found at nearly the g 0o 20 (szgrees)M w0

same position independent of the LBIROM product. How- . L . .

. . . . . Figure 8. Powder XRD patterns showing impurity phase reflections,
ever, fpr LDHs interlayered with dlffergnt POMs, thg impurity  .< well as (00l) reflections for POM-pillared LDHs: (A) MYCOs;
reflections occurred at a somewhat different positions éf 2 () solid product obtained by allowing solid M&ICO; to react with
Interestingly, upon heating, this reflection showed not only a a 3-fold excess of aqueousH;W1,04¢~ at room temperature for 1 h.
reduced intensity but also a shift toward highér(Eigure 4). The XRD of sample B was then recorded after heating at (C)°@0
Both the intensity and position of the reflection were recovered and (D) 200°C for 1 h under M. (E) XRD pattern of sample D after
upon rehydration. Considering the potential importance of rehydration in water for 30 h. (F) XRD pattern of the preqduct obtained
pillared LDH—POM compounds for materials applications, a by the solid state reaction of M§ICOs and a-HaW120:6”
more precise assignmemt of the impurity phase is desired.

There are five possible structural models, including three
suggested earli€%12for the observed impurity byproduct, each
of which may account for the broad XRD reflections. They

are as follows: (i) a pillared derivative formed by intragallery o impurity phase. As shown earlier, the metal ions, particu-

hydrolysis of the initial POM; (ii) a pillared LDH derivative |54 \g2+ can be extracted from the LDH layers upon pillaring.
containing the same PO.M as_,__the p_r|nC|paI pr_odu_ct, bL_Jt with a Depending on pH, these metal ions can form hydrolyzed species
different gallery orientation; (iii) a pllla_red derivative with the [M 2 (OH)s(H20)] @ in aqueous media, which can then
POMs grafted to the LDH layers by displacement of the layer ¢ .. -0 ionic salt as a byproduct upon reaction with POM
OH groups by oxygen a%to_ms of the POM, ass suggested by ,,ecyles during the pillaring reaction. A systematic experi-
Clearfield and po-worker .(“./) a partlal_ly intercalated I_‘DH . mental approach to the identity of the impurity phase has been
POM phase with the majority of the mterl;gyer species being aempted in the present work. We found that the simple
occupied by S"‘;’;‘"er anions such as ©f CO.3 ,assuggested  5q4ition of 2 POM solution to an aqueous suspension of-Mg
by Weber, et al:? (v) a salt formed from cations depleted f_rom AICO3—LDH under the same reaction conditions used in the
the layered structure (e.g., Mg and nongallery POM during  yiaing reaction resulted in products that contained the same

the kpillai[)ing reaction, as suggested by Pinnavaia and co-p a4 XRD reflections as observed for the impurity phase
WOTKErs. contained in all MgAl —[a-HoW12,0457)] intercalates (Figure

Since the f.“o'ec.“'ar cc_Jnfiguration of a Keggin type POM is 8A,B). The room temperature reaction of a MfCO3 suspen-
almost spherical with a diameter near 10 A, thepacing (-11 sion in the POM solution does not undergo ion exchange to

A) of the impurity phase in these systems can not be due to 8yield a LDH—POM intercalate due to the high preference for
pillared phase with a different POM orientations in the gallery. jniariaver carbonate aniofs. Therefore, it is clear that XRD
In addition, the FTIR spectra for an authentic POM and the efe fions of the reaction product is not due to a pillared phase

LDH=POM interf:alates clearly shoyved the absence of h_ydro- but to a new phase formed by a structural modification of the
lyzed POM species at a concentration commensurate with the| o

impurity phase. Thus, possibilities i and ii are precluded by
these results. Possibility iii, involving a grafted LBHPOM
species formed by displacement of the layer OH groups by POM
oxygen atoms, is consistent with the observed d spacing for
the impurity, at least when the POM is a Keggin ion. But, the
appearance of an impurity phase is not POM ion specific, as
might be expected for a grafted structure requiring a com-
mensurate relationship between the POM and the triangular
hydroxyls being replaced in the LDH layer. Also, the unique
thermal behavior of the impurity phase, that is, its change in

positipn and int?nSity upon heating 3.~nd rehydr.ation,l can not be 37) (a) Reichle, W. TChemtect1986 58. (b) Carrado, K. A.; Kostapapas,
explained by this proposal. Model iv for the impurity phase, A.; Suib, S. L.Solid State lonic4988§ 26, 77.

which is based on mixed ion intercalation, is precluded by
chemical analysis (see Table 2) and by the absence of carbonate
or nitrate vibrations in the FTIR spectra.

Salt formation, model v, remains the favored explanation for

The product formed from the M@l —LDH—carbonate and
o-HW1,040%~ exhibited the same thermal behavior as the
impurity phase formed in the synthesis of Mdg—[a-

HaW 15040571 intercalates. Thermal treatment was found to

cause the impurity reflections to move toward highénth

an accompanying decrease in intensity (cf., Figure 8C,D). Upon
rehydration the reflection returned to the original position as
found in the unheated initial sample (Figure 8E). The XRD

properties of the product formed from M —LDH —carbonate




6860 Inorganic Chemistry, Vol. 35, No. 23, 1996

anda-HW1,04¢8~ are analogous to the poorly ordered i
POM salts formed by coprecipitatithor by replacement of a
monovalent cations in a well crystallized POM with di- or
trivalent countercatiof34

Even the solid state reaction of a WM —LDH—carbonate
(2.26 x 10~* mol) and a well-crystallized POM salt (3.12 to
6.23 x 1076 mol), caused by grinding the solids with a mortar

Yun and Pinnavaia

The POM salt impurity on the external surfaces of the LDH
host is highly disordered. Depending on the POM, the main
reflection occurs near 11.0 A, and two weaker reflections are
observed at-5.2 and~3.1 A, consistent with higher order 00l
reflections of a lamellar structure. Attempts to dissolve the salt
impurity from the surface of the host by washing with dilute
acid (0.1 M HNQ) or base (0.1 M NaOH) resulted instead in

and pestle, showed the same byproduct XRD reflections (Figurethe destruction of the layered structure of LBAOM inter-
8F). Also, the product formed by the solid state reaction of a calate.

well order monvalent cation salt of a POM and Mg(QHyhere

no intercalation whatsoever is expected, exhibited the samecgnclusions

impurity reflections. This observation provides key evidence

that the impurity byproduct is not a intercalated phase but rather

a poorly ordered ionic salt of the POM formed on the external
surface of the LDH layers.

The XRD reflections of all the impurity byproducts formed
in the synthesis of the LDH[o-HaW120467)], —[0-PaW1gOs 7],
and—[Cos(H20)(PWoO34),1%7)] intercalates also were observed
at the same @ positions as the products obtained by reaction
of MgsAICO3 with the corresponding POM in aqueous suspen-

Pillared derivatives of MgAl layered double hydroxides
(LDH) with polyoxometalate (POM) anions of Keggim{
H2W1204067), Dawson (J.-P2W1806267), and Finke (CGXHz-
0)2(PWg034)21%") structures were obtained by ion exchange
methods. The reaction of a M@l —LDH —adipate, formed by
the reaction of meixnerite with adipic acid, with the desired
POMs at 100°C afforded products that were more highly
crystalline than those obtained by reaction with the LDH

sion or in solid state. As expected, the products obtained by pygroxide (meixnerite) or by other pillaring methods (see Figure

the aqueous reaction of the POM and thesMgO; did not

2). Pillaring reactions of MgAl—LDH adipate precursor

exhibit any microporous surface area. This latter result also egited in the depletion of some Rfgfrom the host LDH

indicates that the impurity byproduct is not a pillared LDH
containing grafted POM ions.

layers, but the hexagonal morphology of the crystal was retained
after reaction. Different gallery heights for the same pillaring

Energy dispersive X-ray spectroscopic analysis of the solid POM ion were observed for the Keggin (10.1 and 9.70 A),

product obtained by the reaction of MFCO3; and POM in

H,O provided additional evidence supporting our assignment
of the impurity byproduct phase. The product retained the

morphology of the initial LDH-carbonate, namely, hexagonal

crystals approximately 2000 A in diameter. Spot mode scanning

with a beam diameter of 44 A showed almost constant Mg/Al

and W/Al ratios of 3.60 and 1.03, respectively, at the center of
However, the edges of the crystals showed a

the crystal.
lowered Mg/Al and W/AI ratio of 2.21 and 0.99, respectively.

Between the center and edge locations, we observed Mg/Al and
WI/AI ratios of 3.52 and 1.37, respectively. The EDS results, .
together with the XRD results, clearly demonstrate that the
impurity byproduct is a magnesium rich salt deposited on the

basal planes of the LDH crystal. The salt most likely forms by
migration of Mg@" (and some Al ions) from edge sites to
sites on the basal surfaces.

(33) McGarvey, G. B.; Taylor, N. J.; Moffat, J. B. Mol. Catal. 1993
80, 59.

(34) Brickman, K.; Tatibolg J.-M.; Che, M.; Serwicka, E.; Haber, J.
Catal. 1993 139, 455.

Dawson (14.5 and 12.8 A), and Finke (13.3 and 12.6 A) POMs,
depending on the reaction conditions employed. Pillaring
reactions afforded access to the interlayer surfaces with up to
51% of the total surface area being due to micropores. The
layered structures of the LDHPOM intercalates were thermally
stable under B up to 200 °C with retention of gallery
micropores. The gallery orientation of the POM pillars was
determined mainly by hydrogen-bonding interactions between
the layer hydroxyl groups and oxygen framework of the POM
anion. Changing the reaction temperature resulted in an
important effect on the gallery orientation of the Dawson POM.
In addition to intercalating into the galleries of the LDH host,
the POM anions reacted with Migand AB* cations at the edges

of the layers to form saltlike impurities on the external surface
of the LDH crystals.
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